Abstract: Displacement monitoring of large bridges is an important source of information concerning their health state. In this paper, a procedure based on satellite Persistent Scatterer Interferometry (PSI) data is presented to assess bridge health. The proposed approach periodically assesses the displacements of a bridge in order to detect abnormal displacements at any position of the bridge. To demonstrate its performances, the displacement characteristics of two bridges, the Nanjing-Dashengguan High-speed Railway Bridge (NDHRB, 1272 m long) and the Nanjing-Yangtze River Bridge (NYRB, 1576-m long), are studied. For this purpose, two independent Sentinel-1 SAR datasets were used, covering a two-year period with 75 and 66 images, respectively, providing very similar results. During the observed period, the two bridges underwent no actual displacements: thermal dilation displacements were dominant. For NDHRB, the total thermal dilation parameter from the PSI analysis was computed using the two different datasets; the difference of the two computations was 0.09 mm/ • C, which, assuming a temperature variation of 30 • C, corresponds to a discrepancy of 2.7 mm over the total bridge length. From the total thermal dilation parameters, the coefficients of thermal expansion (CTE) were calculated, which were 11.26 × 10 −6 / • C and 11.19 × 10 −6 / • C, respectively. These values match the bridge metal properties. For NYRB, the estimated CTE was 10.46 × 10 −6 / • C, which also matches the bridge metal properties (11.26 × 10 −6 / • C). Based on a statistical analysis of the PSI topographic errors of NDHRB, pixels on the bridge deck were selected, and displacement models covering the entire NDHRB were established using the two track datasets; the model was validated on the six piers with an absolute mean error of 0.25 mm/ • C. Finally, the health state of NDHRB was evaluated with four more images using the estimated models, and no abnormal displacements were found.
Introduction
The long-term millimeter-level displacement monitoring of man-made structures, such as dams, embankments, bridges, and railways, is a promising field of application for satellite Persistent Scatterer Interferometry (PSI). This technique offers the advantages of wide area coverage, high sensitivity to small deformations, and day and night and all-weather operation, which makes it suitable for man-made structural health monitoring. A review of the PSI technique is provided in Reference [1] .
PSI monitoring of man-made structures has usually been based on high-resolution SAR data. Relevant examples include dam monitoring using ALOS PALSAR data [2, 3] , and several works based on TerraSAR-X data [4] [5] [6] [7] . A combination of ALOS PALSAR and TerraSAR-X data is described in Reference [8] . RADARSAT-2 images were used for railway monitoring [9] . An example based on COSMO-SkyMed imagery is described in Reference [6] . As far as bridge monitoring is concerned, the X-band images are the extensively used PSI data [7, [10] [11] [12] . This is mainly due to the high spatial resolution of X-band data, and their high sensitivity to displacements with respect to the C-and L-band. However, with the advent of Sentinel-1 SAR sensors, this has changed slightly. The main reasons for this are that the resolution is still high (with a footprint of 4 by 14 m) and the quality of the signal is good enough to measure millimeter displacements [13] . Moreover, the spatial coverage of a single Sentinel-1 image (250 by 180 km) and their free availability suggest a great advantage with respect to X-band data in terms of costs.
In this study, we have focused on C-band Sentinel-1 data, taking advantage of open access SAR data. This study is a continuation of the work described in Reference [13] . The main improvements in this study can be found at different levels. From the methodological point of view, the new approach includes: the assessment of the initial conditions of the bridge by using the extended PSI model [14] ; the removal of the topographic phase error, which is an important error source during the health evaluation phase; and the evaluation of the displacements along the bridge, instead of focusing only on the piers. From the point of view of the analysis, we have added the analysis of two independent datasets for each bridge in order to cross-validate the results, and we have described a procedure to evaluate the sensitivity of PSI for different tracks, in order to find the best one. Finally, it is worth noting that the work shows the applicability of the approach to different bridges, by adding the results over a second bridge.
In Section 2, the main steps of bridge health evaluation are described. Section 3 provides general information concerning the bridges analyzed and the Sentinel-1 datasets. Section 4 presents the analysis of the sensitivity of the PSI measurements to the longitudinal displacements of the bridges. Section 5 describes the main issues related to the data processing. Section 6 describes the SAR interferometric results obtained, and Section 7 shows some examples of the bridge health evaluation. Section 8 includes the discussion and main conclusions.
A Bridge Health Evaluation Procedure
A large number of long bridges have been built in the last few decades. Maintaining the safety of these bridges is crucial. To monitor the evolution of the condition of a bridge, to locate and repair damages and also to perform a reliability assessment, a long-term structural health monitoring (SHM) system is generally installed on the bridges [15, 16] . An SHM system is a tool for engineers and managers to plan and evaluate the maintenance operations on a structure. Long-term monitoring data collected from the SHM system can be used, e.g., to evaluate the vibrations of the main girder, the static performance of steel truss arc, the movement of piers, and the fatigue of the steel deck [17] . The SHM system for bridge health evaluation has the advantage of high temporal resolution, while its spatial resolution depends on the number of point sensors mounted on the bridge. Spatial resolution can, in some cases, be improved using the PSI technique, which is characterized by spatially dense measurement points. In the following sections, we describe a health evaluation procedure, focused on thermal dilation displacements of the bridge.
The key idea of the procedure is to: (i) use a set of SAR images to model the thermal dilation behavior of a given bridge; and then (ii) use additional SAR images to monitor the temporal evolution of the bridge. Figure 1 illustrates the flow chart of the procedure, which is composed of three parts highlighted in different colors. The procedure can be used to monitor the thermal dilation displacements of the entire bridge, exploiting the dense set of measurements provided by the PSI technique. The main steps of the procedure are described below.
1.
Collect N SAR images over the bridge of interest, acquired at times t 1 to t N . Acquire, for each image, the temperature of the given scene at the time of acquisition of each image:
Generation of a redundant network of M interferograms from the N collected images (M >> N) [18] , and calculation of the displacement time series using the traditional PSI method. 1. The extended PSI model described in Reference [14] is used to estimate the main PSI phase components. This involves the following steps:
(a) Pixel selection. In the SAR images, only those points characterized by low noise levels are selected using the amplitude dispersion index [19] .
Pixels connection. The selected pixels are connected by edges ( Figure 2 ). For each interferogram k and edge e, the phase difference ∆Φ k (e) is derived. Let us call this difference ∆Φ Phase modeling and parameter estimation. For each phase difference, we can write:
where ∆ε k is the differential phase residual associated with a given edge e, while
λ ∆Temp k ∆Th is the modeled differential phase. ∆v, ∆te and ∆Th are the differential unknowns associated with the edge e; ∆v is the differential deformation velocity; ∆te is the differential topographic error; and ∆Th is the so-called differential thermal dilation parameter; ∆T k and B k ⊥ are the temporal and perpendicular baseline of the interferogram k; ∆Temp k is the temperature difference between the acquisitions of the two images of the interferogram k; R k and θ k are the slant range and incidence angle of the interferogram k; and λ is the radar wavelength. To estimate the three unknowns for each edge e, the following function is maximized numerically:
where γ is a goodness of fit parameter, which indicates the quality of the estimation of the three unknowns; and M is the number of interferograms.
Phase component reconstruction. This step involves the integration of the differential unknowns ∆te, ∆v, and ∆Th. A minimum number of edges associated with a single pixel is set during the integration.
2.
Bridge displacement modeling and error estimation based on the estimated phase components. This involves the following steps:
(a) Bridge deck masking. This step is based on the statistic result of the topographic errors achieved in step 3(d). Assuming the bridge deck is flat, a mask is built to select pixels on the bridge deck (b)
Cross averaging. Instead of using the displacement measurements along the bridge longitudinal profile as in Refence [13] , we average the above selected pixels in the cross-bridge direction. Therefore, robust and accurate displacement measurements along the longitudinal direction of the bridge are measured. (c)
Bridge displacement modeling. Considering the cross averaged phase components on the bridge deck, the following displacement model can be established:
where d Long is the modeled longitudinal displacement, ∆Temp and ∆t are the temperature and temporal difference, respectively, and ∆Th and ∆v are the thermal dilation and linear velocity parameters along the bridge estimated by PSI.
Bridge displacement model error estimation. With the acquisition time t 1 to t N and the temperature T 1 to T N , the model error, measured by the standard deviation of the differences between the cross-average value of the modeled displacements and the displacement time series achieved in step 2, is estimated.
3.
Bridge health evaluation. The idea for this evaluation is based on the hypothesis testing of the displacement differences, which are calculated between the upcoming measurements and the modeled ones, similar to Deviation Index DI1 described in Reference [20] . This includes the following two steps:
(a) Differential displacement estimation. Let us assume that a new SAR image is acquired at t N+1 , with a temperature of T N+1 . Then, more interferograms are generated with the image t N+1 , and the cross-average displacements of the entire bridge deck are evaluated through interferogram phase unwrapping, bridge deck masking, and cross averaging. Such displacements are then compared with the modeled ones, and their difference is calculated:
where Model
Long is the measured one.
Bridge health evaluation. The differences between the measured and modeled displacements are assessed using the procedure described in Reference [13] , and the confidence interval is given as twice the estimated model error. A positive evaluation is when the measured displacements are within the confidence interval (i.e., the bridge shows a good behavior, or the displacements are within the design parameters of the bridge). Otherwise, a detailed analysis of the bridge, and especially of the bearings, is required. 
Description of the Test Sites and Datasets

The NDHRB
Nanjing-Dashengguan High-speed Railway Bridge (NDHRB) is located in the Nanjing section of the middle and lower reaches of the Yangtze River, in China. This bridge (see the blue rectangle in Figure 3a ) is the world's longest span high-speed railway bridge and the largest bridge with the heaviest design load ever built [17] . The structure of the NDHRB includes an orthogonal steel deck system; the heights of each part are highlighted in Figure 3c . The bridge includes six tracks: two tracks of the Beijing-Shanghai high-speed line; two tracks of the Shanghai-Chengdu railway lines; and two tracks of the Nanjing Metro. For more details, see Reference [17] . The bridge is supported by six sliding bearings (4#, 5#, 6#, 8#, 9#, 10#) on the two sides of the bridge and a fixed bearing (7#) located in the center of the bridge. The deck cross-section of NDHRB is shown in Figure 1d . The main structure of the bridge was built using three types of steel: Q345qD, Q370qE, and Q420qE. Their coefficients of thermal expansion (CTE) are 16.0 × 10 −6 / • C, 13.0 × 10 −6 / • C, and 13.0 × 10 −6 / • C, respectively.
The NYRB
Nanjing-Yangtze River Bridge (NYRB) (the yellow rectangle in Figure 3a ), connects the Beijing-Shanghai railway and the Nanjing-Yangzhou national highway. It is the first highway-cum-railway bridge (the upper layer is a highway, and the lower layer is a railway) built in China. It was opened on 29 December 1968, after ten years of construction. The main bridge is 1576-m long (128 m, plus 160 m by 9): it includes a simply-supported steel truss girder, with a span of 128 m, and 9 remaining continuous steel truss girders of 160 m, where every three spans are united as a bridge segment (span-continuous truss) [21] . In order to adapt to the longitudinal displacement of the bridge decks caused by temperature changes, huge expansion joints are mounted between the three segments at 1#, 4#, 7#, and 10# piers, with a maximum moving ability of 38 cm for 1#, 55 cm for 4# and 7#, and 34 cm for 10# [22] . Movable bearings are mounted at 1#, 3#, 4#, 6#, 7#, 9#, and 10#, while fixed bearings are on 0#, 2#, 5#, and 8#. Low alloy steel of 16Mnq is used as the main structure of the main girder and railway cross-section [23] , with a CTE of 11.26 × 10 −6 / • C. The overall layout of the NYRB is shown in Figure 3f . It should be noted that the bridge was closed for 27 months for comprehensive repair and maintenance work at the end of 2016. Tables 1 and 2 , and the ambient temperatures were acquired from the Pukou weather station, respectively. Due to the different swaths of the two tracks, the corresponding incidence angles are 45 • for track 01, and 31 • for track 02. 
Feasibility Study: SAR Measurement Sensitivity
This section presents a sensitivity analysis of the longitudinal deformations of the SAR-based measurements for both datasets. The aim of this study is to calculate the sensitivity parameter and evaluate the feasibility of the proposed PSI-based approach. For details on the sensitivity analysis of the line of sight (LOS) observation regarding the different sensors, see Reference [25] .
Due to the Line-of-Sight (LOS) nature of the displacements measured using SAR interferometry, the structural displacement monitoring capability depends on the SAR geometry and the azimuth of the bridge's main axis. We assumed that the most important contribution of the temperature related movements was longitudinal [13] . Thus, considering only the displacements in the longitudinal direction, the relation between the LOS and the longitudinal deformation can be written as follows (see Figure 4 ):
where d LOS and d L are the LOS and longitudinal deformation, respectively; θ is the incidence angle, and α = α br − α rg is the horizontal angle given by the difference of the SAR range azimuth, α rg , and bridge longitudinal azimuth, α br . Let us define s = sin θ cos α as the sensitivity of the longitudinal displacements of bridge in the LOS. The larger the s is, the better the measurements are. Figure 5 illustrates the relationship between s, the radar incidence angle θ, and the horizontal angle α. When the SAR range direction is perpendicular to the bridge's main axis, the sensitivity goes to zero and the longitudinal displacements cannot be measured. The sensitivity of the NDHRB and the NYRB, calculated with the geometry of Track 01 and Track 02, is listed in Table 3 . 
PSI Processing
To evaluate bridge health using the method presented in Section 2, we divided each dataset into two groups (distinguished by bold and non-bold fonts in Tables 1 and 2 ): the first group (non-bold) was used for modeling the bridge displacement, while the second group (bold) was used for evaluating bridge health.
Software developed by CTTC was used for SAR data processing [26] . It consists of two main parts: the generation of differential interferograms; and the modeling and decomposition of phase components.
A redundant network was used for the phase component decomposition. All interferograms with temporal baselines of less than 132 days were generated (see Figure 6) . A 3-arc SRTM DEM was used for topographic phase removing. In total, 585 interferograms were generated for Track 01 and 485 for Track 02. The maximum spatial baseline for Track 01 was 196 m (interferometric pair 20171011_20180103) and 263 m for Track 02 (interferometric pair 20150408_20150725). The minimum spatial baselines for the two tracks were 2 m (interferometric pair 20161227_20170213) and 1 m (interferometric pair 20170702_20170714), respectively. The SAR multi-looking was not applied to preserve the original resolution of the data. The amplitude dispersion index (DA) was applied for pixel selection. The threshold was set to 0.2. Edges with γ < 0.7 were discarded, and a minimum number of 10 edges associated with a single point was set for the integration. Finally, the three-phase components (linear velocity, topographic error, and thermal dilation coefficient) were extracted numerically with the extended PSI model [14] .
PSI Results
NDHRB
The topographic error is given by the difference between the Digital Terrain Model (DTM) used in the interferogram generation and the actual height of a given scatterer. Figure 7 shows the topographic error and its statistics using the two tracks: the two arcs of the bridge can be clearly identified. The distribution of the topographic error is similar in both cases: as seen below, both include a uniform distribution, which corresponds to the bridge arcs, and a normal distribution, which is related to the other part of the bridge. To study the displacements of the bridge deck, a mask was applied to the map of the thermal dilation parameter and linear velocity: only those points whose heights are between −10 m and 10 m were selected. This was followed by the projection of the LOS displacements into the longitudinal bridge direction. Figure 8 shows the estimated thermal dilation parameters in the LOS direction; Figure 9 presents their average cross values in the longitudinal direction for the two tracks, while Figure 10 shows the average cross values of the LOS linear velocities for the two tracks. The main results related to thermal dilation are summarized in Table 4 . This is discussed in the following four sections. (1) A large number of Persistent Scatterer (PS) measurements were obtained on the deck of the NDHRB, for both Track 01 (903) and Track 02 (942). They are uniformly distributed, covering the entire bridge. Many PSs are from the steel truss girder and the bridge deck, including railway sleepers, tracks, and ballast. The change in the incidence angle of the radar has very little impact on the scattering characteristics of NDHRB.
(2) Similar thermal dilation characteristics were observed on the two tracks. Results show that the thermal dilation parameters on both sides of the bridge are almost equal but with opposite signs. The magnitude of the thermal dilation parameter increases with the distance from the bridge center, where the fixed bearing (7#) is located. The measured CTE (11.26 × 10 −6 and 11.19 × 10 −6 for Tracks 01 and 02, respectively) match the bridge properties mentioned in Section 1, and the results described in Reference [13] . To validate the accuracy of the thermal dilations measured using PSI, the thermal dilations observed at the six movable bearings and the in-situ measurements [17] were compared (see Figure 11 ). Taking the in-situ measurements as Reference, the absolute mean error is 0.25 mm/ • C. Table 4 ), this means that a temperature variation of 30 • C causes at least 130 mm of LOS displacement; hence the estimated linear deformation is much smaller. The velocity values shown in Figure 10 could be due to residual non-modeled thermal dilation displacements, and can be neglected in bridge displacement modeling.
(4) Table 4 shows the thermal dilation parameters estimated using Track 01 and Track 02: the difference in the total longitudinal parameter (d L,total ) of the two tracks is 0.09 mm/ • C, which corresponds to 2.7 mm with a temperature variation of 30 • C. These results depict the high sensitivity of the proposed approach.
(5) Considering the length of the NDHRB (1272 m), the CTE of the NDHRB can be estimated, corresponding to 11.26 × 10 −6 / • C and 11.19 × 10 −6 / • C for the two tracks: they agree well with each other (see Table 4 ). The differences between these values and 13.0 × 10 −6 / • C, which is the CTE of Q420qE that dominates the expansion of the bridge, are 1.74 × 10 −6 / • C and 1.81 × 10 −6 / • C: their relative errors are 13% and 14%. The relatively smaller observed CTE values can be explained by the friction of movable bearings.
Results of NYRB
Due to the comprehensive maintenance of the NYRB, the interferometric coherence decreases dramatically for all SAR acquisitions; hence, only 45 images in Track 01 and 34 images in Track 02, from their first acquisitions, were used for PSI processing. Figure 12 shows the LOS phase components of the NYRB estimated with Track 01 (upper) and Track 02 (lower). It is very clear that the PS density is quite different: Track 01 has far more measurements (640) than Track 02 (96). Hence, with more PS measurements covering the entire bridge, Track 01 is capable of providing valuable phase information, while Track 02 fails. The diversity of the PS density can be explained by the fact that the upper layer of the NYRB is a highway that is relatively flat for C-band radar signal, while the lower part of the bridge, constructed with metal truss, has strong backscattering. With the decrease in the radar incidence angle, the upper layer with less backscattering becomes the main scattering area, hence, the amount of PSs decreases dramatically.
Three segments of the NYRB are highlighted by the thermal dilation coefficients in Figure 12a , which corresponds with the architectural properties of the bridge (four fixed bearings mounted at 0#, 2#, 5#, and 8#, see the green arrows, and huge expansion joints mounted at 1#, 4#, 7#, and 10#, see the red arrows in Figure 12 ). On each segment, the thermal dilation is zero in the fixed pier, and the values increase towards each side up to the expansion joints, but with opposite signs. The thermal dilation parameters of the NYRB at the middle segment (480 m) are listed in Table 5 . It can be seen that the difference in the estimated CTE and the structural property is very small (0.80 × 10 −6 / • C), corresponding to a relative error of 7.1%. The under-estimated value can be explained by the small internal stresses of the structure. The absolute values of the estimated topographic errors are all less than 10 m (see Figure 12b) , which also correspond well with the flat characteristics of the NYRB. The estimated linear deformation rates shown in Figure 12c are mostly around 0 mm/year, which shows that the NYRB had no linear deformation during the monitoring period. 
Bridge Health Evaluation
We assumed that the bridges were in a healthy state during the SAR monitoring period in the first group. By considering the NDHRB as an example, the two datasets were used independently to evaluate the bridge health using the procedure presented in Section 2. The bridge states of the two acquisitions from each track in the second group-that is, 3 May and 15 May 2018 for Track 01, and 28 April and 22 May 2018 for Track 02-were evaluated. The longitudinal displacement measurements of the bridge obtained from unwrapped interferograms were compared with the modeled ones, and the differences were used for the hypothesis testing. Hence, the health of the bridges was evaluated on the final SAR imaging dates.
The accuracy of the structural displacement model was estimated by evaluating the difference between the modeled and observed displacement time series during the designed stable life period of the bridge. Figure 13 shows the measured displacement time series, the modeled displacement time series, and their difference for Track 01 over the NDHRB; the standard deviation of their difference is 5.9 mm, while the value for Track 02 is 6.2 mm. It should be noted that the linear term of the displacement residual in each acquisition was estimated and removed. Figure 14 with '(a)' is the unwrapped interferogram, '(b)' is the measured average cross displacement, '(c)' is the modeled displacements, and '(d)' is the displacements difference between the measured and modeled value. The atmospheric effects are neglected assuming that the area is small enough to avoid significant contributions. Moreover, in order to ease the phase unwrapping, only the points located on the bridge deck are used. Considering two times the absolute mean error of the models (2 × 5.9 mm = 11.8 mm for Track 01, and 2 × 6.2 mm = 12.4 mm form Track 02), the up control line (UCL) and the lower control line (LCL) can be drawn at ±11.8 mm and 12.4 mm, respectively (see the red lines in '(d)' of Figure 14) . It can be seen that all of the displacement differences are included in the control lines, while some large values are mainly caused by traffic along the bridge, e.g., pair 20180428_20180510. Therefore, in this case, there are no abnormal displacements of the entire bridge in the four periods observed. 
Discussion
Displacement monitoring plays an important role in structural health evaluation. In this study, displacement monitoring and health evaluation of two bridges (the NDHRB and the NYRB) using the PSI technique and SAR interferometry were carried out.
We analyzed the sensitivity of Sentinel-1 space-borne SAR interferometry to measure structural displacements. The approach used can be replicated in different bridges to select the best track and frame before beginning the download of the images.
The results obtained have demonstrated the applicability of the proposed approach on two bridges with very different structural characteristics. The estimated sensitivity to anomalous displacements in the proposed health evaluation approach was around 1 cm. Such precision is good enough for a wide range of bridges. In this context, Figure 15 shows two temporal profiles of the movement of a point located at the middle of the bridge (192 m-span) and measured through an in-situ real aperture radar [27] . These time series show the vertical displacement of the point induced by a high-speed train (a) and a metro (b). It can be seen that all the induced displacements are below the centimeter. A total of 903 and 942 points were measured on the NDHRB using two Sentinel-1 tracks: such measurements made it possible to monitor the displacements of the entire bridge. Moreover, the use of two independent tracks in this bridge provided a cross-validation of the results obtained, which was useful for assessing the precision of the methods used. The number of PS measurements on the NYRB decreased dramatically as the radar incidence angle decreased from 45 degrees (in the third swath) to 31 degrees (in the first swath). In this case, it was only possible to obtain results with one trajectory.
Using two tracks of Sentinel-1 SAR images (75 and 76 images, respectively) was useful for assessing the results obtained from two independent datasets. However, the results obtained from both datasets could also be merged to provide higher temporal sampling for the SHM. During the period observed, the bridges underwent no actual displacements. Hence, the thermal dilation displacements were dominant. The total thermal dilation parameters of the NDHRB, estimated using the two datasets, were compared. A discrepancy of 0.09 mm/ • C was found, which corresponds to a difference of 2.7 mm over the total length of the bridge, assuming a temperature variation of 30 • C. The total thermal dilation parameter was 14.28 mm/ • C, which resulted in a CTE of 11.22 × 10 −6 / • C: this corresponds well with material properties of the bridge. Similar results were obtained from the NYRB.
Finally, it is worth underlining that such an approach cannot be applied to all bridges due to different issues such as SAR geometry limitations, traffic along the bridge, or structural characteristics. However, depending on the location of the area of interest, the acquisition policy of Sentinel-1 constellation could help to minimize such limitations by offering the possibility of acquiring ascending and descending data, and, in some cases, of working with parallel adjacent tracks, as in the case of the two bridges analyzed. Moreover, the continuous acquisition mode providing an image every 6, 12, or 24 days, depending on the location, makes it possible to devise long-term monitoring plans.
Conclusions
In this paper, a procedure for continuously assessing the displacements of a bridge has been proposed. It has been successfully applied on two huge bridges-the NDHRB and the NYRB-by using medium-resolution Sentinel-1 SAR images. The results have been cross-validated by using two independent datasets obtaining millimeter-order differences. A bridge health evaluation method, based on longitudinal displacements covering the entire bridge deck, has been presented and validated on the NDHRB. This method evaluates the abnormal displacements along the entire bridge deck, which is an advantage with respect to methods that only measure the displacements with respect to the piers. Its applicability has been illustrated over the two bridges, the NDHRB and the NYRB. 
